The implementation of carrier-selective passivating contacts has shown great potential for approaching the practical efficiency limit of $27.5% for silicon solar cells, 1 which is itself quite close to the theoretical limit of 29.5%. 2 A relatively simple way to fabricate such passivating contacts is to form a doped silicon film onto an ultra-thin interfacial silicon oxide layer, which permits the tunneling of electrons or holes, depending on the doping type, while helping to suppress recombination at the surface of the silicon wafer. 3, 4 Such passivating contact structures have recently enabled the achievement of 26.1% efficient silicon solar cells 5 and are rapidly gaining popularity, both among research institutes and the PV industry. Commonly, the silicon films are formed by chemical vapour deposition (CVD), either plasmaenhanced (PECVD) or at low pressure (LPCVD), using gaseous precursors for the silicon (silane or dichlorosilane) and in many cases also for the dopants (diborane or phosphine). 6, 7 The use of these gases, normally at relatively high deposition temperatures, requires elaborate safety measures, since they are extremely hazardous, which poses challenges for the mass production of solar cells.
In this letter, we propose an alternative technology to make carrier-selective passivating contacts based on the physical vapour deposition (PVD) of in-situ doped silicon films. The chosen PVD technique is sputtering, which can be performed at room temperature and does not involve any hazardous gases. 8, 9 Both the silicon and an appropriate dopant element can be deposited using solid, non-toxic targets, and sputtering machines can have a smaller footprint and infrastructure than CVD ones. [9] [10] [11] In addition, sputtering deposition takes place only on one-side of the wafer, which is advantageous for process integration. Sputtering is widely used in the fields of microelectronics, optics and large-scale coating of glass and plastics, and has been applied commercially since 1930. 8 Within photovoltaics, it is commonly used in thin-film solar cell technologies (CdTe, CIGS and a-Si) and to deposit the TCO (transparent conductive oxide) layers needed for a-Si (amorphous silicon)/c-Si (monocrystalline silicon) heterojunction solar cells. 8 We present here the development of holeselective passivating contacts by sputtering silicon and boron onto an ultrathin SiO x interlayer. The main steps in the fabrication of these contacts are optimized, including the sputtering deposition conditions and the subsequent high temperature step needed to partially crystallize the film and activate the dopant. Once optimized, these PVD hole-selective contacts are applied to high performance p-type silicon solar cells in order to demonstrate the proposed method.
The main electrical parameters of a carrier-selective passivating contact are the recombination current density J oc and the contact resistivity q c . The former was measured with the PCD (photoconductance decay) and QSSPC (quasisteady state photoconductance) 12,13 methods on symmetrically coated 200 lm thick, (100) oriented 100 X cm p-type FZ (float zone) silicon wafers (see inset in Fig. 2 ). The contact resistivity was measured with the Cox-Strack method 14 on single side coated 200 lm thick, (100) oriented, 0.5 X cm p-type CZ (Czochralski) silicon wafers (shown in Fig. 2) . After a standard RCA clean and HF dip, a $1.4 nm thin chemical oxide layer was grown on silicon wafers by immersing them in hot nitric acid. Subsequently, in-situ boron doped silicon films were deposited in a single cosputtering process, using an undoped silicon target (with a purity of 99.999%) and a boron target (with a purity of 99.999%) at the same time. [15] [16] [17] The co-sputtering process was performed at room temperature with a pressure range of 1.5 mT to 6 mT. The RF power density applied for sputtering the undoped silicon was $3. 3.1 W/cm 2 for the boron target to obtain different dopant concentrations. After deposition, the samples were inserted into a quartz furnace at a temperature ranging from 800 C to 980 C, in nitrogen. This high temperature step is intentionally used to activate the dopant atoms and partially crystalize the silicon film, simultaneously. Figure 1 shows the ECV (Electrochemical CapacitanceVoltage) profiles of electrically active boron in several PVD hole-selective passivating contact structures. As is typical of in-situ doped polysilicon layers, the PVD samples in Fig. 1 show constant active boron profiles with a concentration above 1 Â 10 20 cm À3 in the silicon film, with a sharp drop at the location of the interfacial SiO x (indicated as dash lines in Fig. 1 ) and a tail of the dopant into the crystalline silicon wafer. Furthermore, the total dose of boron atoms can be easily modified by applying a different RF power to the boron target. As an example, Fig. 1 shows that a relatively low applied boron power of 1.9 W/cm 2 results in a lower boron concentration, whereas a higher power density of 3.1 W/cm 2 leads to a higher boron concentration. In terms of their recombination parameters, the sample with higher power density and heavier boron concentration ($3 Â 10 20 cm
À3
) yielded 10 times lower J oc than the sample with the lower boron concentration ($2 Â 10 20 cm
). Once the applied power density reached 3.1 W/cm 2 , their recombination did not improve further. These experiments indicate that the power density and the dopant level incorporated into the silicon film are critical factors to achieve satisfactory passivation.
The deposition conditions, therefore, play a primary role in the formation of the PVD hole-selective passivating contacts and their final performance, controlling the total dose of dopant atoms, as shown in Fig. 1 , as well as the properties of the silicon film. 9, 11, 17 During deposition, the inclusion of the sputtering gas, normally Ar, can modify the microstructure of the silicon film. 9, 18 It has been shown that high Ar pressure leads to silicon films with a high refractive index, which strongly correlates to the quality of the film 9 and, as we have found, with the electrical performance of the PVD carrier-selective passivating contacts as well. Figure 2 shows the recombination current density J oc and the contact resistivity q c of the PVD hole-selective contacts as a function of the sputtering pressure. The same 70 nm as-deposited in-situ boron doped silicon film thickness was obtained despite the different pressures by adjusting the deposition time and applying a power density of 3.1 W/cm 2 to both the silicon and the boron targets. For a given power density, high pressure leads to a slower deposition rate: the latter was $4.7 nm/min at 1.5 mT, $4.5 nm/min at 2 mT, $4 nm/min at 2.7 mT, and $3.4 nm/min at 5 mT. After activation, we found that the final passivating quality and contact resistivity are strongly affected by the sputtering pressure. The lowest recombination current, ten times lower than the value obtained at a pressure of 1.5 mT, was achieved at deposition pressures higher than 2.7 mT. It is known that there is a strong correlation between the interfacial condition and the final passivation quality. 7, [19] [20] [21] The results in Fig. 2 indicate that low pressure more easily leads to degradation of the interface, probably causing a higher density of oxide breakup sites after the high temperature activation anneal. On the other hand, the lowest contact resistivity is achieved using a low sputtering pressure, which is also consistent with a higher degree of oxide break-up. As shown in Fig. 2 , PVD contacts deposited at 1.5 mT gave q c % 5.2 mX cm 2 , which is two orders of magnitude lower than the q c value corresponding to 5 mT.
After the deposition of the in-situ boron doped silicon film, a high temperature process is required to form the holeselective passivating contact, acting both as a re-crystallization and a dopant activation step. 11, 22 Although the crystallinity of the films was not examined here, the activation of the boron atoms can be detected by means of sheet resistance measurements. The sheet resistance of the as-deposited PVD films was un-measurably high with a four-point probe set up, 23 negligible conductivity and a very small amount of active boron atoms in the as-deposited films. 16 After thermal annealing at 950 C, the sheet resistance became measurable, with values lower than 250 X/sq (as indicated in Fig. 2 ). It has been demonstrated that a thermal process leads to the recrystallization of sputtered silicon films. 9, 11, 24, 25 By controlling this thermal process, amorphous sputtered silicon can be turned into polycrystalline silicon, and this is considered the safest way of obtaining polycrystalline silicon films with improved electrical stability. 9, 11 The higher q c obtained at a high deposition pressure can also be correlated to the amount of active boron concentration in the overall Si film/SiO x /Si substrate structure, which was evaluated through sheet resistance measurements. A higher sheet resistance (fewer dopants) was generally found for the layers deposited at a higher pressure, as labelled in Fig. 2 . The final sheet resistance at pressures greater than 3 mT was almost 2 times higher than that obtained at 1.5 mT. Figures 3 and 4 show the recombination current density J oc and the contact resistivity q c of PVD hole-selective passivating contacts having two different thicknesses of $40 nm and $70 nm as a function of the annealing temperature. The in-situ boron doped silicon films were deposited at a pressure of 2.7 mT with an applied power density of 3.1 W/cm 2 for both the undoped silicon and the boron targets. As has been presented previously, the interfacial conditions of the passivating contact structures strongly depend on the high temperature annealing step (including both annealing in an inert gas or a dopant diffusion process). 4, 7, 26, 27 An excessively high temperature can lead to a high level of interfacial oxide break-up and a high dopant concentration in the silicon substrate, which consequently leads to poor passivation quality and good contact resistivity. 4, 26 As shown in Figs. 3 and 4, J oc % 320 fA/cm 2 with a very low q c % 4 mX cm 2 has been achieved at 1010 C for the 70 nm thick PVD contacts. Therefore, a lower temperature of 950 C is preferable for these 70 nm thick layers, while an even lower temperature of 900 C is optimum for the thinner 40 nm layers, since these lower temperatures enable achieving the lowest J oc value together with a sufficiently low q c value, as shown in Figs. 3 and 4. The fact that the optimized temperature is shifted towards a higher value for thicker silicon layers is similar to the results presented in Refs. 26 and 27. At those optimized annealing temperatures, we achieved J oc % 18 fA/cm 2 with a contact resistivity of 8 mX-cm 2 for a $40 nm PVD in-situ boron doped passivating contact and a J oc % 16 fA/cm 2 with a contact resistivity of 47 mX cm 2 for a $70 nm thick one. In order to demonstrate the passivation quality and carrier selectivity of the PVD hole-selective passivating contacts described previously, we have fabricated p-type silicon solar cells implementing them as a full area rear contact, as shown in Fig. 5 . Monocrystalline FZ p-type silicon wafers with a resistivity of $1 X cm and a final thickness of 200 lm were used to form several 2 Â 2 cm 2 pyramidally textured cells on each 4-inch wafer. A dual phosphorus doped region was created on the front side within the active area of the cell by thermally diffusing phosphorus from POCl 3 twice: a deep and highly doped n þþ layer under the metal fingers and a moderately doped n þ layer over the rest of the front surface, onto which a silicon nitride antireflection/passivating coating was deposited by PECVD. The PVD hole-selective passivating contacts were formed by first growing an ultrathin ($1.4 nm) SiO x on the wafers by hot nitric acid oxidation and then depositing a 70 nm thick silicon/boron film on the rear surface by PVD (in-situ doped). This 70 nm thick layer was found to be more robust and better adapted to our solar cell fabrication process than thinner layers, maintaining its passivation qualities throughout the subsequent solar cell fabrication steps, including the activation step at 950 C, which for these thicker films is optimal, as shown in Fig. 3 . The front metal grid was formed by photolithography, metal evaporation and silver plating and a $900 nm silver layer was vacuum deposited on the rear side. The finished solar cells were measured under standard testing conditions (AM1.5 solar spectrum, 25 C) using a Sinton Instruments solar simulator and, as a reference, an n-type poly-Si contact 
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Yan et al. Appl. Phys. Lett. 113, 061603 (2018) cell measured by ISFH's calibration laboratory. The performance parameters of the best p-type solar cells, which reached a 23.0% conversion efficiency, are given in Fig. 5 . In this particular device, a relatively low fill factor was obtained, due to a high series resistance of $0.6 X cm 2 , which resulted from an excessively light phosphorus diffusion at the front, rather than resistive losses on the rear side (a separate batch with a heavier phosphorus diffusion achieved a higher fill factor of 82.3%). The series resistance was extracted from a comparison between the J-V curve under illumination and the pseudo light J-V curve, obtained by measuring the open-circuit voltage as a function of light intensity. 28 The latter curve, which is not affected by series resistance, gives a pseudofill factor (PFF) of 83.1, which implies that the conversion efficiency without series resistance would be 23.9%. Thus, there is an ample room for further improvement of these p-type silicon solar cells, including the possibility of further gains in J sc and V oc . The average efficiency of all the cells in the 4-inch wafer was 22.5%, indicating excellent uniformity of the PVD passivating contact technique.
The experimental results presented in this letter demonstrate that PVD offers an attractive technological option for fabricating the next generation of high performance silicon solar cells. It is a simple, safe and reproducible approach for the formation of high quality carrier-selective passivating contacts on silicon wafers. It is suitable for in-situ doping and single-side deposition, without the requirement of a separate doping process, such as thermal diffusion or ion implantation. In this letter, we have shown that it can be used to fabricate high performance full area hole-selective passivating contacts and p-type silicon solar cell devices. The PVD technique can also be applied to fabricate electronselective contacts and its further optimisation can be expected to lead to even higher efficiency devices than those presented here.
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